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1-INTRODUCTION
Paleolimnological studies spanning the historic period frequently have to face the problem of distinguishing climatic and anthropogenic influences -e.g. (Lotter and Birks, 1997; Tinner and Hu, 2003) -. Climate and human impact are main factors controlling recent lake dynamics and both have played different roles since the Neolithic -e.g. (Brenner et al., 1999; Cohen, 2003) -. Multi-proxy studies represent the best strategy to assess the role of Holocene climate evolution and human activities in the lake catchments (Curtis et al., 1998; Lamb et al., 1999) although the dataset must be examined carefully while combining all the biological, geochemical and sedimentological information (Birks and Birks, 2006) . The Mediterranean area is an excellent region to reconstruct evidences of past land use changes, vegetation dynamics and climate oscillations due to the presence at the same place of long high-quality historical records, archaeological sites, instrumental time series and excellent natural archives (Luterbacher et al., 2012) . In the Central Pyrenees, recent studies have revealed a relation between climate and human activities during the last millennia (Riera et al., 2004; Pérez-Sanz et al., 2011; Rull et al., 2011; Corella et al., 2012) , when intense land use during Roman and Medieval times coincided with more favorable (warmer) climate. The relation between favorable climate and dense human occupation, however, does not hold for the last two centuries since the latest cold phase of the LIA during the 19 th century coincided with the highest human population in the Pyrenees and the mid 20 th century land abandonment occurred during the onset of recent global warming . Disentangling both climate and human activities in pre-and postindustrial conditions is the way to further understand the climate vs. anthropogenic 4 4 interactions in the environment.
Most paleolimnological and archaeological studies in NE Iberian Peninsula (IP) reveal a significant increase in the anthropogenic influences in the Iberian watersheds since the Roman times, e.g. Ebro Basin (González-Sampériz, 2004; González-Sampériz et al., 2008) ; Estanya Lake (Riera et al., 2004) ; Montcortès Lake (Corella et al., 2011a) .
However, it is usually difficult to ascribe specific limnological changes to human activities (Valero-Garcés et al., 2000; Kienel et al., 2005) mainly because of the lack of detailed local historical records and the complex feedbacks that existed between the anthropogenic and climate forcings. In the Mediterranean region, human activities around the lakes included not only the use of water resources for drinking or irrigation purposes, but also involved other activities, namely salt mining, fishing or hunting (Riera et al., 2004; Valero-Garcés et al., 2004) . Salt has always been a strategic resource of primary importance, in particular during the pre-industrial world, due to its use in nutrition, food preservation and textile industry (Williams, 2010) . Inland salt mining has traditionally produced highly disturbed landscapes as a consequence of associated parallel activities including road maintenance, supply of pastures for cattle, and deforestation (Reyes, 1998; Valero-Garcés et al., 2000) .
In this paper, we present the paleoclimate and paleoenvironmental characterization of two sediment sequences from Lake Arreo, a karstic waterbody in the NW Ebro Basin, northern Spain. The deep-water core is finely laminated and the shallow-water core is dominated by carbonates and clastics.
The two cores together constitute one of the few high-resolution studies in Iberia covering the last 2500 years. A palynological study on a shallow-water core was previously carried out by Peñalba (1989) , although the lack of a detailed chronology prevented to ascribe the observed abrupt changes in the vegetation to the regional 5 5 Holocene climate evolution. A previous high resolution study of short cores (Corella et al., 2011b) has demonstrated the sensitivity of the lake dynamics to climate and human activities during the last 60 years. The Arreo Lake is close (1 km) to the Salinas de Añana salt exploitation, the best-preserved inland salt work in NE Spain since Roman times (Plata Montero, 2008) . Both shallow-water and deep-water sequences reflect the climatic evolution of the area and the impact of human activities in the lake catchment since the Roman period. 1b ). An ENE-WSW fault bounds the lake basin to the north (Martín-Rubio et al., 2005) , and the cliff associated with this structure is responsible for numerous slope and masswasting deposits in the lake (Martínez-Torres et al., 1992) . Lake Arreo (Zmax=24 m deep) is the deepest water body with evaporite substrate in the IP. The lake basin originated by dissolution and collapse of evaporite rocks generating a funnel-shaped morphology (Rico et al., 1995) (Fig. 1) . The lake has two contrasting environments: i) a southern shallow palustrine area that occupies 2/3 of the lake total surface (6.57 ha)
2-STUDY SITE
with a maximum depth of 3-4 m, well-mixed throughout the annual cycle, and with the highest production of biogenic carbonate associated with Chara and macrophyte incrustations (Martín-Rubio et al., 2005) and ii) a central area up to 24 m deep with seasonal anoxic conditions, bounded to the north by a steep scarp (González-Mozo et 6 6 al., 2000) .
The lake is currently a hydrologically open system, with an ephemeral eastern inlet and a small ephemeral western outlet flowing into the Ebro River (Figs. 1b and   1c ). Saline groundwater input has an important influence on the hydrological and chemical conditions of the lake but it has not been quantified (González-Mozo et al., 2000) . Chemically, the lake is subsaline Ca-(Mg)-(Na)-SO 4 -HCO 3 -(Cl). Lake Arreo limnological and hydrological features are synthetized in Table 1 .
The regional climate is transitional between Atlantic and Mediterranean types.
The mean annual precipitation is 670 mm while the mean monthly temperatures range from 20ºC in summer to 5ºC in winter. The site is in a transitional vegetation zone between Eurosiberian and Mediterranean bioclimatic regimes (Peinado Lorca and Rivas-Martínez, 1987) . Apart from the cultivated areas, most of the lake watershed is forested (Fig. 1d) Results for each element are expressed as intensities in counts per second (cps).
3-MATERIALS AND METHODS
Large-scale thin sections (120 mm × 35 mm) were prepared after freeze-drying, followed by impregnation with epoxy resin (Araldite) under vacuum conditions (Brauer and Casanova, 2001 ) to carry out the description of sedimentary facies in the finely laminated intervals. Sedimentary facies were defined by visual description, microscopic smear slides and thin sections observations, combined with compositional and mineralogical analyses (Schnurrenberger et al., 2003) .
A total of 102 samples for diatom analysis were obtained with sampling resolution ranging from 10 to 5 cm, depending on the sedimentation rate. Wet sediment samples were cleaned with hydrogen peroxide and dilute HCl (10%), mounted in Naphrax, and 8 8 analyzed with an inverted microscope. At least 400 diatom frustules were counted per sample. Taxonomic identification and assignment of planktonic and benthic habitats were based on specialized literature (Krammer and Lange-Bertalot, 1986; 1988; 1991a; 1991b; Lange-Bertalot, 2001; Krammer 2002) . Pollen samples were prepared following the classical chemical method, including acetolysis (Faegri and Iversen, 1989 (Zanni and Ravazzi, 2007) . Charcoal particles coarser than >20 m were also counted as indicators of regional fires (Tinner and Hu, 2003) .
Non-pollen palynomorphs were identified according to Van Geel et al. (1989) and Carrión and Navarro (2002) .
Sixteen AMS 14 C samples were analyzed on terrestrial remains, charcoal, seeds, and hydrophytes (Table 2 ). The final chronology is based on 12 AMS radiocarbon dates.
Radiocarbon dates were calibrated with the INTCAL 09 calibration curve (Reimer et al., 2009 ).
4-RESULTS
4.1-Chronology
The chronological models of the Lake Arreo sequences were established using the mixed effect regression method (Heegaard et al., 2005) (Table 2 , Figure 3 ). The chronological model of the deep-water core ARR04-1A-1K is constrained by 7 dates. (Corella et al., 2011b) supporting the robustness of the radiocarbon chronological model. Two tie points improve the age model, the limits between former lithostratigraphic units 1 and 2 (AD 1994) and units 2 and 3 (AD 1964), which were previously dated and described through varve counting and identification of the 1963 137 Cs peak in short cores (Corella et al., 2011b) .
The chronology for the shallow-water core ARR04-2A-1K is constrained by 5 radiocarbon dates obtained from plant macrorests. Two dates were rejected (CNA143 and POZ33485, 3.05 and 3.065 cm depth; 1140 ± 60 and 1380 ± 35 14 C yr BP respectively) because the ages show a stratigraphic reversal. The top of the shallowwater sequence is dated AD 840 ± 60, indicating that the palustrine realm has been affected by recent erosive processes. The SR is relatively low at the base of the shallowwater sequence (503-350 cm; 0.14 cm/yr), increasing up to 0.97 cm/yr in the upper sediments (350 cm -top of the core).
According to these chronologies, core ARR04-2A-1K represents shallow-water sedimentation between BC 620 and AD 860, while core ARR04-1A-1K reflects sedimentation in the deepest part of the lake since AD 585 to present times. Thus, the combined Lake Arreo sedimentary record spans the last 2570 cal. yr with an overlap of ~300 years of the two cores ( Fig. 2 and 3 ). 
4.2.1-Deep-water environment
The sediment cores ARR04-1A-1K and 1B show an alternation of massive (facies 1 and 2), banded to finely laminated (3), and laminated (4 and 5) facies. The coarser grain size of massive facies 1 and its mineralogical composition (mafic minerals) indicate a higher energy depositional environment, short transport and a local source area (ophyte rocks).
All these features point to mass wasting processes associated with the cliffs with ophyte outcrops located in the northern shore of the lake. High C/N ratios (up to 17.4) suggest that organic matter present in facies 1 has a predominant terrestrial origin. Deposition of finer massive facies 2, mainly composed of clay minerals, indicates less energetic (or more distal) turbidite-like processes likely triggered by flooding episodes that increased sediment delivery to the lake from creeks draining the catchment. The banded to finely laminated facies 3 is composed of clayey silt and displays fining upwards textures and irregular basal surfaces. This texture is similar to small-scale turbidites and stormrelated deposits described by Noren (2002) and Corella et al (2012) . The high C/N 11 11 ratios (up to 15.1) suggest a predominant source in terrestrial plants rather than aquatic organic matter.
The deposition and preservation of finely laminated sediments such as facies 4
and 5 occurred when anoxic conditions prevailed during most of the year, with limited bioturbation (Brauer, 2004; Zolitschka, 2007) . In small, relatively deep karstic lakes such as Lake Arreo these meromictic periods usually corresponded to relatively high lake levels (Martín-Puertas et al., 2009; Corella et al., 2012) . However, the presence of thin laminae with endogenic prismatic gypsum crystals in facies 5 indicates that lake water chemical concentration was higher during deposition of facies 5. Facies 4 corresponds to biogenic varves with calcite and organic laminae previously described in Corella et al., (2011b) . 
4.2.2-Shallow-water environment.
Shallow-water facies in core ARR04-2A-1K include massive (facies 6, 7, and 8) and 
4.3-Geochemistry
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The XRF geochemical record obtained in both shallow and deep-water cores shows a clear correspondence with the sedimentary facies (Fig. 4) . We have selected two element ratios to illustrate the geochemical variability of the Arreo record. Sr/Ca ratio is widely used as a paleosalinity indicator due to a higher Sr uptake of carbonates under more saline conditions -e.g. (Dodd and Crisp, 1982) . A previous study in several
Iberian lakes, including Lake Arreo, has also shown a direct relation between Sr/Ca ratio in lacustrine carbonates and Sr/Ca ratio in lake waters (Anadón et al., 2002) .
Therefore Sr/Ca ratio in the sediment has been selected as a reliable proxy of water salinity in Lake Arreo showing higher values in units 4 and 2.b. We use the Ca/Ti ratio to identify intervals with elevated endogenic calcite precipitation and low clastic input (units 5, 3 and 1).
4.4-Pollen Stratigraphy
The pollen taxa are grouped following Behre (1981) , Gaillard (2007) , Carrión et al. (2010) , and the modern flora and plant ecology for the area. The pollen stratigraphy in the two cores comprises six local pollen zones (LPAZ): Zones LPAZ 1 to 3 in the shallow-water core ARR04-2A-1K, and zones LPAZ 3 to 6 in deep-water core ARR04-1A-1K (Fig. 5 ) -see Table III 
4.5-Diatoms
Diatom assemblages are composed of a total of 110 taxa distributed among 28 genera, being Navicula (15), Nitzschia (11), Gomphonema (7) and Cymbella (7) the genera with 
5-DISCUSSION
The Lake Arreo sedimentary sequence illustrates the climate and environmental variability over the last 2.5 kyr in a transitional Atlantic-Mediterranean lowland area. It also provides an opportunity to evaluate the impact of human activities in the landscape since the Late Iron Age (5 th -3 rd centuries) because of the intense anthropogenic pressure and the exploitation in the Salinas de Añana salt work (Figs. 7 and 8).
5.1-Depositional evolution of Lake Arreo during the last 2,500 years
Five main depositional stages are distinguished for Lake Arreo for the last 2,570 cal. yr BP, based on the evolution of the sedimentary facies, diatoms and some palynological data (aquatics and hydrophytes) ( waters, in both sub-environments suggests reduced nutrient input and oligotrophic lake waters during this period.
In the littoral area, the increase of benthic diatoms and the absence of hydrophytes, along with the presence of organic-rich facies (unit B.IV), suggest low lake levels until AD 500. Later, the increase in hydrophytes and P:B ratio marks a progressive increase in the lake level up to AD 580. The abundance of Chara sp.
suggests water depths oscillating between 0.5 and 3 m in these littoral areas (Hannon and Gaillard, 1997) . Lake level continued to increase as banded carbonate facies without gastropods and less Chara remains (facies 9) were deposited until AD 790 (unit B.II).
5.1.4-Stage IV (Unit 5, 4 and 3): Fluctuating, saline to brackish lake (AD 790-1600)
The development of a saline lake started at AD 790 when gypsum precipitation increased. Lower lake level occurred as reflected by the low P.B ratio (Fig 8) . The welldeveloped carbonate platform could have become an erosional site providing sediment to the deep-water areas. At around AD 890, laminated facies deposition was replaced by fine, clay-rich facies 2 (Unit 4). An increase in the clastic input also occurred in the shallow-water core ARR04-2A-1K at the top of Unit A (facies 6 with less carbonate and higher clastic and organic content) suggestive of a return to wetland or littoral type deposition. The lower percentages of Cyclotella distingüenda (Fig. 6 ) indicate more frequent mixing conditions and shorter periods of anoxia in the deeper areas of the lake.
The sharp increase of Botryococcus in unit 5 may be related to increased salinity and dystrophic conditions in the lake (Davis et al., 1977; Medeanic et al., 2003 reveal a higher trophic state of the lake until AD 1300 (Fig. 6) . The high sediment delivery to the lake ended in AD 1180 (Fig. 8) .
Fluctuating but generally higher lake levels and meromictic conditions prevailed in Lake Arreo since AD 1300, characterized by low Sr/Ca values, increasing hydrophytes percentages at LPAZ 4 and a progressive increase in the P:B ratio (Fig. 8 ).
Lake waters recovered mesotrophic to oligothrophic levels, as indicated by an increase of Gomphonema angustum and the decrease in Cocconeis placentula (DZ-1c, Fig 6) .
During the period AD 1450 -1600, coarse clastic sediments reached the distal areas of the lake (facies 1). Europe -e.g. (Küster, 1994) -.
5.1.5-Stage V (Units
5.2-Climate variability and human impact in NE Spain
Presence of F. brevistriata and F. pinnata (DZ-4, Fig. 6 ) in diatom assemblages, taxa which can tolerate disturbance and higher nutrient levels (Van Dam et al., 1994) , also suggests an increase in human activities in the watershed as these taxa are directly related to the clastic input to the lake (Corella et al., 2011b) . The existence of a large fen around the Lake Arreo palustrine area (unit C and LPAZ 1) would have favored the expansion of pastures between the 2 nd and the 5 th centuries AD as it is well-known that Roman used fens as wet pastures in the subalpine woodland (Ejarque et al., 2010) . The most intense arid phase reflected by increased salinity and lower lake levels occurred between AD 890 and 1300 characterized by the Sr/Ca ratio increase and low P:B index (Fig. 8) . The decreasing trend in deciduous Quercus and Fagus (Figs. 5 and 8) since the 8 th century can be interpreted as a progressive increase in arid conditions, although the intense human activities during this period should also have had a strong impact on the forest.
This arid period occurring during the MCA time (AD 900 -1300) has also been described in previous paleoclimatic reconstructions in NE Spain and the western Mediterranean area (Magny, 2004; Martín-Puertas et al., 2010; Morellón et al., 2012; Moreno et al., 2012) . A unique phase of lower salinity occurred between AD 970 and 1040 (blue band in Fig. 8 ). This short humid phase is synchronous to an increase of precipitation events per year in Lake Montcortès and increased frequency in large magnitude floods in the IP between AD 950 -1150 (Thorndycraft and Benito, 2006) .
The High Middle Ages (10-12 th centuries) witnessed the most intense land use of the last two millennia, with the highest clastic input to the lake between AD 890 and 1180. Deforestation and farming activities could have triggered a dramatic increase in run-off and deposition of clastic material in the distal areas of the lake (Unit 4, fig 8) .
The increase in ruderals, cultivated taxa and Sporormiella, the presence of Glomus and the large peaks of charcoal also indicate intense land use during the High Middle Ages.
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The occurrence of fire events and deforestation practices can be linked to expansion of crops and pasture areas and to the use of wood for fuel and construction material (Aizpuru et al., 1990) .
Changes in the lake during the late 12 th century (run-off reduction, mesotrophic lake conditions) are consistent with the abandonment of the medieval settlements in the lake watershed during the first half of the 12 th century when a massive emigration to the village of Salinas de Añana occurred, and numerous fields located in the catchment were abandoned (Plata Montero, 2008) (Fig. 7) 5.2.4-The Little Ice Age, from the Middle Ages to the Modern Period (14-18 th centuries):
Decreasing lake salinity and forest recovery after AD 1300 ( , the Alps (Magny et al., 2008) and southern Spain (Martín -Puertas et al., 2009) , and with the higher flood frequency that occurred in Spain between AD 1430-1685 (Thorndycraft and Benito, 2006) . The Lake Arreo record also supports a complex paleohydrological structure for the LIA as evidenced in other areas in the IP and the Alps (Magny et al., 2008) . In particular, the arid pulse in Lake Arreo at AD 1730-1790 occurs synchronically in several sites of the NE Spain (Barriendos and Llasat, 2003; Corella et al., 2012) 25 25
The expansion of AP clearly indicates a decrease of human activity in the watershed during the Late Middle Ages (13 th -15 th centuries) (Figs. 7 and 8) . This could be a reflection of non-favorable climatic conditions during the first part of the LIA or the so-called "low medieval crisis" responsible for a decline in population in this area (Díaz de Durana, 1986) . Since AD 1600 an increase in the sediment delivery to the lake occurred (unit 3.c, Fig. 8 ), synchronous to the onset of the Modern period characterized by renewed agricultural activities in the area. Forest dominated during the Modern Period (15 th -18 th centuries) (Fig. 7) , although the expansion of evergreen Quercus, During the last century arboreal pollen remained high, likely as a result of the use of concrete instead of timber for the salt work structures during the 20 th century (Plata Montero, 2008) . In addition, the occurrence of Pinus radiata pollen at AD 1870 marks the onset of the reforestation in the Basque country with this American pine (Espinel et al., 1995) . Since the 1960s, the loss of economic competitiveness against coastal salt mines resulted in an abrupt reduction from 5648 salt evaporation pans in 1960 to 40 pans in 2000. As occurred in most mountain areas in the Pyrenees, the economic changes during the mid 1950s forced people to migrate to the cities and the area was depopulated (Plata Montero, 2008) . The high sediment delivery to the lake during the last 30 years reflects the increase in cultivated areas due to mechanization and different small-holding activities (Corella et al., 2011b) .
6-CONCLUSIONS
The multiproxy study carried out for the Lake Arreo sediment sequence provides a 
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